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Critical Structures of Metal
Destruction Under the
Process of Wear
Resistance to wear is determined by the ability of the metal structure to change in s
a way that it can withstand friction stresses. The structure of surface layers wh
have undergone wear can be identified as a “critical” structure. This is wher
destruction takes place. To study the surface structure specimens of low-carbon s
aluminum and copper were subjected to wear tests and then investigated by X-
Under certain test conditions it was found that the changes in the surface lay
structure, evidenced by the structural broadening of diffraction lines, reach a ma
mum level. The tests showed that as one progresses from mild wear to harsher fric
conditions and correspondingly higher wear intensity, the structural broadening
the diffraction lines is first increased but than reduced. The results show that und
low and moderate wear conditions, the structure of the surface layers is changed
the friction process, the surface layers being hardened by fragmentation. The leve
metal hardening corresponds to the friction stresses that occur in the surface laye
and reaches a maximum when the fragment dimensions are minimal. As the fric
conditions become more severe, the critical structure of the metal approaches
initial conditions, and therefore its strength is less than that of the hardened structu
formed under moderate wear conditions. Such results can be explained by
difference in the rates of the plastic deformation and of plastic relaxation process
Therefore, the critical structure under the process of wear depends on the fricti
conditions. To put the mechanical properties of the material to best use, one sho



















Failure of materials in general, and wear in particular, is
structure-sensitive process. Production of wear particles ta
place in the surface layers of the material and therefore, wea
affected by the structure formed in these layers. Resistance to
is determined by the ability of a material structure to change
such a way that it can lower its failure rate and withstand fricti
stresses. The structure of the surface layers which undergo
can be identified as a “critical” structure. This is where destruct
takes place. This structure varies according to the friction and w
conditions.
It is known that work hardening of surface layers of metals ta
place under friction. The structure of the surface layers is chan
by the friction process, the surface layers being hardened thro
the changes in dislocation density and distribution. The leve
metal strengthening in this process depends on the fragment
of surface layers under friction.
Langford and Cohen (1969), Rack and Cohen (1970),
Langford et al. (1972) in the late 60s and early 70s, have found
the strengthening effect of the cells formed in drawn iron wir
follows the Hall-Petch or similar relationships,
ss 5 s0 1 kdc
2n. (1)
Heres s is the flow limit, s0 is the internal friction stress during
dislocation motion,k is a parameter characterizing the barri
effect of boundaries, anddc is the size of the cells. The
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strengthening effect of the cells, depending on the initial stat
and alloying of the metal, changes fromdc
21 to dc
21/ 2 (see also
footnote1).
In our early papers (Garbar and Skorynin, 1975; Garbar and Sk
rynin, 1978), as well as in some recent publications (Kato, 1993
Hughes et al., 1994; Garbar, 1997), it was found that the sam
relations can be used for the fragmented structures1 formed in the
surface layers of metals during friction. The misorientation betwee
neighboring fragments in this case ranges from several degrees
several tens of degrees. The walls of fragments become opaque
dislocations and restrict dislocation transfer. Therefore the fragme
size determines the level of work hardening, and can be used inste
of the grain size in the classical Hall-Petch relation, but as distinc




1 The specific structure of metals formed under active plastic deformation, in
particular in their surface layers during friction, is in different papers variously
called “fine-grained,” “subgrained,” “cellular” and so on. This often leads to
misunderstanding in the interpretation of the results because each of these nam
corresponds to its own type of structure. Bay et al. (1992) gave a well justified
subdivision of deformation microstructures. They show that “dense dislocation
walls are formed as the grains are subdivided into cell blocks.” Nevertheless i
this paper we use the term “fragmented” structure. From our point of view this
term, which includes all microstructures formed under large plastic deformation, i
more appropriate for cases where precision determination of each individua
disorientation (by the XRD method, for example) is impossible.
2 A simple explanation can be given for this difference between the classica
Hall-Petch relation, whered is the average size of grains, and the relation used here
for fragmented structures. The proportion of high angle boundaries of intergrain typ
(with misorientation.15°) in fragmented structures is small and increases asdc
shrinks. Thereforen should be greater than 0.5. Rybin, (1986) suggested to redefin
the effective size of the fragmentsdc by division of their average size by the
contribution of high angle boundaries of intergrain type (about 0.254 0.5 depending
on the conditions of deformation). Effective sizedc of fragments should be two-four
times larger than their average size. In this case the Hall-Petch relation, equation (
with n 5 0.5, can beused.JANUARY 2000, Vol. 122 / 361000 by ASME
ttp://www.asme.org/about-asme/terms-of-use
s.
Downloaded FTable 1 Test conditions and results
No. of
series Pair materials
Wear rate for different pressures, MPa
Lubricant,































Notes: 1. Wear rates are given in mg/m (upper figures) and m3/m (lower figures).3 2. Wear rates are given for the steady-state conditions of friction, i.e.,




The metal flow limit significantly increases and the work ha
ening of the metal is maximal if the size of fragments reaches
minimum value inherent for this material and the mutual diso
entation between the neighboring fragments is maximal. When
occurs in the critical structure, the maximal ability of the metal
undergo wear is reached.
Plastic deformation and correspondingly the level of fra
mentation, is a function of the stresses and may be expecte
increase when the friction conditions are harsher. In this c
according to (1), strengthening of the surface layers would h
to increase. Such regularities were observed in some pa
(Kato et al., 1985; Garbar, 1997), where an increase in
friction load was accompanied by a decrease of the ave
fragment size.
This simple and logical deduction may fail when differe
conditions of wear of materials are considered. Rybin (19
showed that material failure owing to plastic deformation ta
place when, in local material sites, internal stresses under
plastic deformation are close to the theoretical tensile stren
Such a situation is realized in a definite critical structure where
destruction of the material take place. This occurs when the pla
deformation rateė d is greater than the rate of relaxation proces
ė r
ė r , ėd (2)
where the plastic deformation rate (without accounting for
temperature factor) is
ėd 5 rbV~se! (3)
and the rate of relaxation processes
ė r 5 ṙ~s i!bl (4)
wherer is the dislocation density,b is the Burgers vector,V is the
dislocation speed,ṙ is the rate of new dislocation generation,s e
ands i are the external and internal stress respectively, andl is the
average free path length of dislocations.
According to these relations, the “critical” structure, which
achieved when the condition (2) is met, is dependent on
deformation conditions. Under different rates of plastic def
mation, any given structure can be a critical one. If the pla
deformation rate is very high, the structure has no opportu
to evolve, because the relation (2) is fulfilled from the beg
3 Wear was determined by weighing. To convert the wear rate to the units m3
usually used in tribological practice, an approximate value of 7800 kg/m3 for the
density of low-carbon steel was used. It should be noted, that according to ele
diffraction results, the wear particles contain-Fe and different iron oxides (see Fig
1 and Table A1). Their content depends on the friction conditions. Therefore w
partially arises from the oxide layers formed on the surface during friction. In th
cases the values of the densities of these oxides which are different froma-Fe density
can help to receive a more refined results of wear rate in m3/m units. For example, in
the limiting case where wear arises only from oxide layers the value of 5220 kg3
for the density of iron oxide (Quinn, 1994) should be used instead of the ab
mentioned density of the steel.362 / Vol. 122, JANUARY 2000



























ning of the deformation process. In this case, the critical struc-
ture of metal destruction is the initial one. In contrast, whens e
and thereforeė d is very low, the level of plastic deformation is
very low also.
Although the discussion above pertains to plastic deforma-
tion in general, these regularities are applicable to the wear
processes as well. It is unknown a priori what structure is the
critical one under friction. At the same time, it is very important
to know the level of plastic deformation, and therefore, the level
of work hardening of critical structures of metals under differ-
nt friction conditions.
The two main questions discussed in this paper are:
(a) How do the critical structures of metal destruction under
wear depend on the friction conditions?
(a) Under what friction and wear conditions is the maximal
strength of a material reached?
2 Experimental Method and Materials
To duplicate different friction conditions and to obtain a wide
range of wear rates two different types of wear tests were
carried out. In the first of them, mixed-film and boundary
lubrication and two-body abrasive wear were studied. Experi-
ments have been performed in a reciprocating friction machine
at an average speed of 0.05 m/sec under 0.3, 0.8, 1.6, and 3.
MPa (applied loads 98, 245, 490, and 980 N, respectively). The
full description of the friction machine are given elsewhere
(Garbar, 1997). The double stroke length was 0.05 m. The
lubricant was MS-20 oil, supplied periodically to the contact
zone. The MS-20 oil characteristics are as follows: kinematic
viscosity at 100°C, 20 cSt; specific gravity, 0.89; flash point,
225°C. Antiwear, anti-foam and detergent-dispersant types of
additive are present (6.5% additives). Low-carbon steel with
0.08% carbon, 0.12% manganese, 0.15% silicon, 0.02% chro-
mium and 0.023% sulphur was used. Cylindrical specimens of
20 mm in diameter and 7.5 mm height were prepared. The
specimens were annealed in vacuum at 960° for 2 h followed by
furnace cooling. The base of the cylinder served as the friction
surface. Before testing, sliding surfaces of the specimens were
electropolished untilRa 5 0.04–0.06 mm. Three series of
reciprocating tests were conducted. They were carried out with
various friction pairs and lubricant quantities. Lubrication in
series 1 and 2 was by drip feed. The materials used for the
counterface were copper (99.95%) and the same low-carbon
steel for the series 1 and 2, respectively. The tests in series 3 o
abrasive paper with grit size 80 –100mm were dry.
The test conditions and results for three series of increasingly
harsh wear conditions are listed in Table 1. The conditions of
friction were chosen in such a way as to reproduce the different
wear mechanisms and wear rates. Decreasing in the amount o
lubricant, and replacing the copper with steel as a mating
material in series 2, lead to a growth of the adhesive componen









































































Downloaded Fincrease of wear rate in series 3 has been achieved u
abrasive wear.
In spite of the differences between mechanisms of slid
wear and abrasive wear, where micro cutting plays the m
role, they share a common property in the fact that the w
resistance is determined by the capacity of the metal structur
withstand external forces, that is the ability or inability of su
a structure to accommodate itself to the stresses under frict
The generality of this proposition does not depend on
mechanism of failure of materials. Therefore it is valid for a
wear types.
The tests in series 1 and 2 were conducted for 100,000 re
rocating cycles, corresponding to a sliding distance of 5000 m.
tests on abrasive paper in series 3 were conducted for 10
cycles, i.e., a sliding distance of 500 m.
The second type of wear test was a two-body dry abrasive
in a pin-disk friction machine. Specimens of aluminum and cop
were used for the study. The disk specimens were 25 mm
diameter and 6 mm thick. The base of the disk served as
friction surface of the pin. Abrasive paper or polishing cloths w
abrasive powder were used as a disk surface.
Silicon carbide abrasive paper of grit 1,200–120 (grit s
corresponding to 6.5–116mm) was used for the tests. The tes
were conducted under identical conditions. A constant load of
N and associated pressure of 0.1 MPa was used. The sli
distance was 30 m, and the velocity was 0.4 m s21. Three series of
experiments were carried out for each specimen and abrasive
size. For polishing tests, abrasive powders of Al2O3 with the grit
sizes 0.05, 0.3 and 1mm were used. Fresh abrasive paper or n
polishing cloth were used for each test.
In all cases wear was determined by weighing the cylindri
specimens on a chemical balance after the particular exposu
friction.
An X-ray study of the structure of the surface layers of lo
carbon steel and an electron diffraction study of wear produ
were carried out after the first type of wear tests. Transmiss
electron microscopy used in similar test conditions in the previ
study (Garbar and Skorynin, 1978) showed that a developed f
mented structure is formed in the surface layers. The dimension
the low-carbon steel surface layer fragments in the present s
were determined by X-ray investigation on the basis of the exti
tion effect (Quinn, 1991; Snyder, 1992). Diffraction lines (11
and (220) ofa-Fe were studied.4 The phase composition of wea
particles, as well as an estimate of their fineness, were found
electron diffraction study of wear particles extracted from t
lubricant after the tests.
X-ray investigations were conducted on the surface layers
specimens of aluminium and copper in the initial state, as wel
after the second type of wear tests. The structural broadenin
diffraction lines (400) Al, and (331) Cu was determined for al
minium and copper specimens, respectively. In particular, th
findings illustrate the degree of crystal lattice structure imperf
tion and microcristallinity (fragmentation of initial grains t
smaller crystals or subgrains) of the specimen structure.5
4 Among the different factors which determine the intensity of diffraction pea
the two most important in our case are: extinction and texture. The effect of extinc
is largest for diffraction peaks at small Bragg anglesu, such as the diffraction line
(110) of a-Fe in Cu K radiation,u 5 22.35°. For the diffraction line (220) ofa-Fe
(u 5 49.52°) this effect is negligible. At the same time these diffraction lines
different order reflections from one Bragg plane (110). Therefore the change
intensity related to the texture of surface layers during friction should be equa
both these lines. This peculiarity was used for determination of the changes in
intensity of diffraction line (110), induced only by the effect of extinction suppress
in fragmented friction layers.
5 Two points should be noted regarding X-ray study of the surface layer struc
after friction. These points are as follows:
(a) X-ray investigation data represent the mean value throughout the entire
which contributes to the diffraction pattern. Considering that the structural chan
decrease with depth below the friction surface, the structure of the surface lay
more fragmented than these data show. Therefore, X-ray results can be used mJournal of Tribology












































Table 1 gives the results of wear tests for low-carbon ste
under reciprocating sliding. The results of the X-Ray investi
gation for the dependence of fragment dimensions in low
carbon steel on wear intensity are shown in Fig. 1. Compariso
of these results with the data of Table 1 shows that initially th
size of surface layer fragments decreases with wear intensi
The minimum fragment dimensions for low-carbon steel is at
2.6 –2.83 1024 mg/m wear rate. Then the size of fragments
increases as wear rate increases. Under hard abrasive w
conditions, the fragment dimensions are practically equal, in
dependent of wear intensity.
The electron diffraction patterns of wear products of low-
carbon steel formed under sliding friction by pressures of 0.
a d 3.3 MPa. are shown in Fig. 2. The interplane distances a
intensities of the lines of electron diffraction patterns in Fig. 2
are shown in Table A1 of the Appendix. As can be seen from
these results wear particles consist ofa-Fe and oxidesa-Fe2O3
and Fe3O4. The oxides show the most intensive lines of the
electron diffraction patterns of wear products from the stee
steel pair tested under the pressure 0.3 MPa (Fig. 2(a)). Under
a pressure of 3.3 MPa (Fig. 2(b)), as well as in the other friction
conditions, the lines ofa-Fe are significantly more intensive
than those of the oxides.
The results of the wear tests for specimens of aluminum an
copper after the pin-disk tests are shown in Fig. 3. As can be se
from these findings, the wear rate of both materials increas
dramatically after the tests with grit size 6.5 and 12mm.
The results of the study of structural broadening of X-ray
diffraction lines for aluminum and copper specimens and it
dependence on grit size of the abrasive particles are shown
Fig. 4. It was found that the maximal structural changes in th
surface layers of aluminium and copper specimens, evidenc
by the structural broadening of diffraction lines, was observe
after tests with abrasive grit of 0.3–1 micron size. After test
with coarsely-grained abrasives of increasing diameter and co













for comparative study of surface layer structure after friction under different wea
conditions.
(b) The microstructure determined by X-ray (as well as by TEM) is the remaining on
after friction as is underlined above. Perhaps the critical fragment size immediate
preceding separation of wear particles is really smaller, but the fracture left only the larg
sizes fragments. There is no satisfactory solution of this problem at present: neither in-s
study during friction nor measure of fragment size in the debris. The first because of t
insurmountable experimental problems, the second since after the separation from
su face the wear particles are located between the sliding surfaces and therefore shou
hardly deformed. Therefore, as in point (a), the qualitative results of X-ray study can
used mainly for comparative studies of the critical structure formed under differe
friction and wear conditions.
Fig. 1 Correspondence between fragment dimensions of low-carbon






































Downloaded Fthe diffraction lines was reduced. As can be seen from th
results, in both cases, the level of structural changes de
mined, in particular, by the magnitude of structural broaden
of diffraction lines has a maximum. After tests with coarse
grained abrasives of increasing diameter and correspondi
higher wear intensity, the structural broadening of the diffra
tion lines was reduced.
It is interesting to note that the sharp increase in wear rate
aluminium and copper specimens occurs simultaneously with
decrease in the structural broadening of diffraction lines.
Fig. 2 Electron diffraction patterns of low-carbon steel wear products:
(a) pressure 0.3 MPa; ( b) pressure 3.3 MPa
Fig. 3 Wear rate of aluminium and copper specimens, as a function of
abrasive grit size364 / Vol. 122, JANUARY 2000









The results of our investigation show that the structural chang
of surface layers under wear have an extremum. This extrem
depends on one hand on the materials, and on the other, on
friction and wear conditions. To explain these results, it is nece
sary to consider the mechanisms of metal hardening under diff
ent sliding conditions.
Let us consider the kinetics peculiarities of deformation an
relaxation processes under different friction and wear condition
Under low-wear processes,e is minimal. In the entire range
of friction conditions, the rate of relaxation processes is high
than the plastic deformation rate. Structural changes in t
surface layer and the resulting metal hardening according to
are sufficient for prevention of mechanical failure under fric
tion. In this case, the development of a fragmented structure
minimal. The relation
ė r . ėd ; const (5)
is fulfilled, or, comparing with (3) and (4), the relative rate o
dislocation arrest,V/l, is smaller than the production rate,ṙ/r. In
other words, dislocations are generated at a sufficient rate
accommodate the plastic deformation. Therefore, the critical stru
ture is not formed and destruction of the material does not occ
In this case, the minimal wear rate can be explained mainly as
result of oxide film formation on the friction surface and its
separation under sliding. The intensive lines of oxides in electr
diffraction pattern of wear products (Fig. 2(a)) are evidence of
such a wear mechanism for the steel-steel pair under a pressur
0.3 MPa.
With increasing wear, as a far more perfectly fragmented stru
ture is formed, the free path length for dislocations,l, decreases.
Therefore, condition (2) is satisfied on separate critical (Rybi
1986) joints of fragments as the result of plastic deformatio
irregularity. Nucleation of microcracks takes place on these join
This later leads to the formation of wear particles.
It should be pointed out that under such wear conditions, wo
hardening of surface layers of metal occurs according to (1
Therefore wear resistance of the material under such fricti
conditions is high, because of the changes in the structure un
plastic deformation.
Such conditions was observed for low-carbon steel in the case
wear rates in the range of 1024–1023 mg/m, when fragments of
minimal size were formed (Fig. 1). Similar data were received f
aluminium and copper specimens under wear with grit siz
0.05–1mm, when the structural broadening of diffraction lines wa
maximal (Figs. 3 and 4).
As wear increases, the plastic deformation rateė d according to
(3) also increases, becauseV(s e) increases. The larger the size o
Fig. 4 Structural broadening of the diffraction lines (400) Al and (331)


















Downloaded Fthis quantity, the sooner the inequality (2) will be reached. Thu
the structure of the surface layers should be deformed less t
under more moderate wear. In these cases, the fragments ha
be larger, and work hardening of surface layers according to
should be less than under less intensive wear. Such a structu
observed in the tests of steel-steel pairs under a pressure of
MPa (Fig. 1) and in the tests of aluminium and copper on abras
paper with grit sizes 6.5 and 12mm.
Under intensive wear, the structure approximating the initial o
is critical. The inequality (2) is correct already near the beginni
of contact, because ifs e in (3) is large, the plastic deformation rate
ė d is higher than the rate of the relaxation processesė r . In these
cases, the critical structure, which absolutely exhausts the po
bility of plastic relaxation under the given test conditions, form
after only moderate changes in the initial structure. Such con
tions occur under wear of low-carbon steel specimens on
abrasive paper (Fig. 1) and specimens of aluminium and cop
tested under abrasive wear with grit sizes larger than 12–16mm
(Fig. 4).
Figures 3 and 4 show that the decrease in structural chan
under harder friction conditions corresponds to a sharp incre
in wear. This can be explained as follows: friction condition
which lead to fragmented structures determine, according
equation (1), the hardening of the metals. In the cases where
fragmented structure cannot be formed, because the inequa
(2) is fulfilled essentially from the beginning of the friction
process, metal hardening hardly occurs. Two reasons for h
wear rate are observed simultaneously: harshening of frict
conditions and the lack of metal strengthening. Both of the
lead to an increase of wear.
Therefore, in deciding on the material for given particular fric
tion conditions, one should take into account not only its initi
strength but also the capacity of its structure for relaxation un
the chosen friction conditions.
5 Conclusions
1. The critical structure of metal destruction under the proce
of wear is changes from a developed fragmented one under m
erate wear, to close to the initial one under severe wear.
2. Under mild wear conditions, structural changes of surfaJournal of Tribology





























layers provide work hardening in metals, allowing them to with
stand friction stresses.
3. The maximal friction conditions to which the surfaces ca
be subjected without incurring severe wear should provide t
maximal strengthening of metal surface layers.
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A P P E N D I X
Table A1 Interplane distances and line intensities of electron diffraction patterns of wear products of low-carbon steel
specimens after testing under sliding friction at pressures of 0.3 and 3.3 MPa
NN
Pressure, MPA ASTM data
0.3 3.3 d, Å h, k, l
d, Å I d, Å I a-Fe a-Fe2O3 Fe3O4 a-Fe a-Fe2O3 Fe3O4
1 4.27 w. 4.59 w.
2 3.68 m. 3.71 v.w. 3.66 102
3 3.27 m. — —
4 3.00 m. 3.05 w. 2.97 220
5 2.71 m.s. 2.68 m. 2.69 104
6 2.53 v.s* 2.52 s. 2.51 2.53 110 311
7 2.23 m. 2.22 w. 2.20 113
8 2.09 m. — — 2.07 202
9 2.03 v.s. 2.03 v.s* 2.03 110
10 1.86 m. 1.85 w. 1.84 204
11 1.73 m.s. 1.71 m.s. 1.69 1.71 116 422
12 1.62 m.s. 1.62 m. 1.62 333
13 1.49 s. 1.49 m.s. 1.48 1.48 214 440
14 1.46 s. 1.44 m.s. 1.43 1.45 200 300
15 1.33 v.w. 1.31 v.w. 1.35 1.33 208 620
16 1.28 v.w. 1.28 v.w. 1.31 1.28 119 533
17 1.16 m.s. 1.17 m.s. 1.17 211
18 1.11 w. — — 1.10 1.09 226 731
19 — — 1.02 w. 1.01 0.968 220 751
20 0.913 w. 0.914 m. 0.916 310
Notes: 1. Intensity of diffraction lines is indicated as follows: very weak (v.w.), weak (w.), moderate (m.), moderate-strong (m.s.), strong (s.), very strong
(v.s.). The most intense lines of the electron diffraction patterns are marked by symbol *. 2. Diffraction lines 1 and 3 can be ascribed to the variety of
oxide Fe2O3.
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